The crystal structure of schwartzembergite from the San Rafael mine, Sierra Gorda, Chile, tetragonal, a 3.977(1), c 12.566(4) Å, I4/mmm, has been refined to an R index of 1.8% based on 103 unique observed (I > 5I) reflections. Schwartzembergite is optically biaxial, but long-exposure precession photographs show no evidence of non-tetragonal symmetry. The tetragonal structure consists of interleaved PbO and Cl sheets stacked along the four-fold axis. The Pb and I sites are both coordinated by four O atoms arranged in a square to one side of the cation, with Pb-O = 2.407(3) Å and I-O = 2.15(1) Å. The Pb and I sites are only 0.54(4) Å apart, and hence cannot both be occupied at the local scale. The Pb site is also coordinated by four Cl atoms at a distance of 3.331(3) Å and arranged on the opposite side of the site to the O atoms; this very asymmetric coordination is characteristic of Pb 2+ exhibiting stereoactive lone-pair behavior. Bond-valence summation around the I site gives a value of 2.92 vu (valence units), indicating the iodine to be trivalent (rather than pentavalent, as has been assumed in previous studies); this is the first recorded occurrence of trivalent I in a mineral. Single-crystal polarized infrared and 1 H MAS NMR spectroscopies indicate the presence of structural H. Chemical analysis by electron microprobe and H-line extraction (1.20 wt.% H 2 O) gave the formula Pb 2+ 5 I 3+ O 6 H 2 Cl 3 . Electron diffraction showed numerous superlattice reflections, suggesting a C-or I-centered orthorhombic supercell with a = 2a s , b = 6b s , c = c s (i.e., an 8 ϫ 24 Å supercell), where the subscript s denotes the (pseudo-) tetragonal subcell. The observed substructure and local bond-valence requirements indicate that the (I 3+ O 4 ) groups cannot polymerize, and that I 3+ must occur on both sides of the oxygen layer in each (Pb,I)O sheet. These constraints result in five possible motifs for the superstructure; one of these sheets somewhat resembles the ordered sheet in nadorite, Pb 2+ Sb 3+ O 2 Cl, suggesting that this may be the pattern of order in schwartzembergite.
INTRODUCTION
Schwartzembergite is a lead iodine oxy-hydroxychloride first described from Mina Santa Ana, Caracoles, Sierra Gorda, Chile, in 1864 by Domeyko, who wrote the formula as Pb(Cl,I) 2 •3PbO. Mücke (1970) investigated schwartzembergite in more detail, and showed that it is tetragonal, a 5.614(2), c 12.549(2) Å, and gave the formula as Pb 2+ 6 (I 5+ O 3 ) O 2 (OH) 2 Cl 4 . The symmetry, cell dimensions and composition indicate that schwartzembergite is a member of the family of layered Pb-oxychloride minerals (Welch et al. 1996) . These structures consist of alternating litharge-like PbO layers and sheets of Cl atoms, with a wide variety of small highly charged cations replacing Pb in the "litharge" layers. As part of our ongoing work on this group (Cooper & Hawthorne 1994 , Symes et al. 1994 , Welch et al. 1996 , 1998 , 2000 , we have characterized the structure of schwartzembergite and present the results here.
EXPERIMENTAL
The crystals used in this work are from the San Rafael mine, Sierra Gorda, Chile, and were obtained from the Natural History Museum (BM 86453) and the Royal Ontario Museum (M15136); everything except the initial precession photography was done on sample BM 86453. Schwartzembergite occurs as wedge-shaped crystals with a curved outer surface that consists of several rounded parts separated by radial valleys that spread out over the surface. The (100) surface is sub-tangential to the curved surface of the wedge, and the a axis is subparallel to the radial structure of the wedge. In transmitted cross-polarized light, the wedge-shaped crystals give off-centered biaxial interference-figures with large 2V values, and the extinction is very irregular. Thus schwartzembergite is not tetragonal, although the X-raydiffraction data are completely in accord with tetragonal symmetry.
Single-crystal precession photographs taken with Zrfiltered MoK␣ X-radiation indicate tetragonal symmetry, with cell dimensions a ≈ 3.97, c ≈ 12.55 Å and reflections compatible with the space group I4/mmm. Long-exposure zero-level photographs (57 h with polaroid film) show no sign of any additional reflections. Cell dimensions (Table 1) were determined by least-squares refinement of the setting angles for 25 intense reflections automatically centered on a Nicolet R3m four-circle diffractometer using graphite-monochromatized MoK␣ X-radiation. Intensity data were collected according to the procedure of Hawthorne & Eby (1985) ; relevant information concerning data collection, reduction and refinement is given in Table 1 . A psi-scan absorption correction, modeling the crystal as a thin plate with a minimum glancing angle of 11°, reduced R (azimuthal) from 22.4 to 2.0%. The data were corrected for Lorentz, polarization, absorption and background effects, averaged and reduced to structure factors; of the 106 unique reflections, 103 were classed as observed [I > 5(I)].
Electron-microprobe analysis
A crystal fragment of schwartzembergite BM 86453 was mounted in epoxy for chemical analysis. An initial semiquantitative survey of the energy-dispersion spectrum using an Hitachi S-2500 analytical scanning electron microscope indicated that the only detectable elements are Pb, Cl and I. A Cameca SX-50 was used for quantitative analysis, operating in wavelength-dispersion mode with an accelerating voltage of 20 kV and a beam current of 20 nA for a 1 m beam spot, using PbO, RbI and NaCl as standards. Back-scatter and sec- ondary-electron images did not reveal the presence of any inclusions or zoning. Analyses were collected over a large area of the crystal fragment, and reduced using the PAP routine of Pouchou & Pichoir (1985) . The unit formula was calculated on the basis of Cl = 1 apfu (atoms per formula unit); results are given in Table 2 .
Electron diffraction
A JEOL CX200 transmission electron microscope (TEM; 200 kV) equipped with an LaB 6 filament was used, operating as described in Welch et al. (1996) . A small fragment (BM 86453) was removed from part of the large crystal from which the fragment used for the crystal-structure study was taken, powdered and sedimented from a suspension in dry alcohol onto a 3 mm holey-carbon Cu grid. It was not possible to get structure images of schwartzembergite because of the strong absorption of electrons by this mineral, and the resulting weak diffracted beams. A similar problem was encountered in the case of parkinsonite, a related lead oxychloride mineral (Welch et al. 1996) ; exposures of 60-90 s were sufficient to record weak superlattice reflections in parkinsonite.
Analysis for H 2 O
The H 2 O content was measured by hydrogen-line extraction according to the method of Koehler et al. (1991) .
IR spectroscopy
A {100} tablet of schwartzembergite 0.55 mm thick was cut from a single crystal of specimen BM 86453. A microscope equipped with a mapping stage and attached to a Bruker IFS 66v FT-IR spectrometer was used to record absorption spectra with a beam size of 150 m, a liquid-nitrogen-cooled MCT detector, a KBr beam splitter and a Globar source. The polarized absorption spectra were collected with the polarizer at angles of 0°, 45° and 90° to the {001} cleavage trace, and averaged over 512 scans with a spectral resolution of 4 cm -1 .
H MAS NMR spectroscopy
1 H MAS NMR spectroscopy was done at room temperature using a Chemagnetics CXP400 multinuclear spectrometer operated at a frequency of 399.9 MHz. The sample (0.3 g) was spun in a zirconia rotor driven by a dry-nitrogen gas-flow at a frequency of 10 kHz. A pulse width of 2.5 s and 5 s delay were used. Proton chemical shifts are reported relative to tetramethylsilane (TMS).
CRYSTAL STRUCTURE: SOLUTION AND REFINEMENT Scattering curves for neutral atoms and anomalousdispersion corrections were used with the software SHELXTL; R indices are of the form given in Table 1 and are expressed as percentages.
The structure was solved by direct methods. The E statistics suggest that the structure is centrosymmetric, and the solution with the highest combined figure of merit in the space group I4/mmm showed the Pb position. The remaining atoms were located by successive cycles of refinement and difference-Fourier synthesis. In the difference-Fourier map, there was a strong peak 0.6 Å from the Pb atom and a negative peak at the Pbatom position. The subsidiary peak was assigned to I, and the occupancies of the Pb and I sites were considered as variable, subject to the constraint that the occupancies sum to unity. Full-matrix least-squares refinement of all variables, including anisotropic displacements on all atoms, resulted in convergence at an R index of 1.8%. Final atom positions and anisotropicdisplacement factors are given in Table 3 , selected interatomic distances and angles are given in Table 4 , and observed and calculated structure factors may be obtained from The Depository of Unpublished Data, CISTI, National Research Council, Ottawa, Ontario K1A 0S2, Canada. An empirical bond-valence table is shown as Table 5 .
RESULTS

Description of the average structure
There is one unique Pb position, with a square array of four O atoms to one side at a distance of 2.41 Å, and a square of four Cl atoms to the other side at a distance of 3.33 Å. There is one unique I position in an environment similar to that of Pb, with I-O = 2.15 Å and I-Cl = 3.65 Å. The environment of Pb 2+ observed here is typical of a cation with a stereoactive lone-pair of electrons: the bond-valence requirements are more-or-less satisfied by short bonds to anions arranged on one side of the cation, allowing the stereoactive lone-pair of electrons to project out into the space on the opposite side of the cation. The Pb and I atoms are 0.54 Å apart, and only one of the two sites can be locally occupied. The environment of each cation is shown in Figure 1 .
The average structure of schwartzembergite is shown in Figure 2 . A series of puckered ladder-like sheets extend parallel to (001) and are intercalated with layers of Cl atoms (Fig. 2a) . Inspection of a sheet in the [001] direction ( Fig. 2b) shows it to be a (puckered) 4 4 plane net with Pb and O occupying adjacent vertices, exactly as in the structure of tetragonal PbO. However, the attitude of sheets adjacent along [001] is different from that in tetragonal PbO; alternate sheets are shifted by a/2 in schwartzembergite relative to their position in tetragonal PbO. This displacement has the effect of providing coordination of the interlayer Cl by (Pb,I).
Infrared spectroscopy
The background-corrected infrared spectra (0°, 45°a nd 90°) of schwartzembergite in the OH-stretching region are shown in 
H MAS NMR spectroscopy
The 1 H MAS NMR spectrum of schwartzembergite (Fig. 4) has two strong, narrow peaks at 1 and 4.5 ppm; there are two moderately intense, wider peaks at 6.7 and 8.6 ppm. The 1 ppm peak actually has two maxima at 0.8 and 1.3 ppm, and a sixth peak is present as a shoulder on the 1 ppm peak at 0.2 ppm. The peaks at 1 and 4.5 ppm are within the range of OH chemical shifts.
The chemical composition of schwartzembergite
A key result of the crystal-structure refinement is derived from a bond-valence analysis of the structure (Table 5) : the incident bond-valence sum at I is 2.92 vu. This value indicates an I valence of 3 + rather than 5 + as has been previously assumed. Writing the formula of schwartzembergite as Pb 2+ 5 I 3+ O 6 Cl 3 leads to a charge deficit of 2 + that can only be satisfied by incorporation of two H atoms into the structure to produce Pb 2+ 5 I 3+ O 6 H 2 Cl 3 . The postulated presence of H is in accord with the H-line extraction results, which gave a value of 1.20 wt.% H 2 O. Table 2 shows that the chemical composition determined here is in accord with this value: the amount of H 2 O required for electroneutrality is 1.32 wt.%, somewhat less than the value of 1.89 wt.% determined by Mücke (1970) , and close to the value of 1.20 wt.% determined here. . This value is in exact agreement with that originally reported by Domeyko (1864 , quoted by Mücke 1970 , but is at variance with the measured values of 6.2 and 7.09 gcm -3 reported by Liebe (1867) and Mücke (1970) , respectively.
Transmission electron microscopy
The electron-diffraction patterns of about ten crystallites of various sizes were collected. All patterns were obtained with the electron beam normal to the cleavage, due to the strong preferred orientation of cleavage flakes on the grid. This is advantageous because the strong {001} cleavage is parallel to the PbO layering of the schwartzembergite structure, and so is very suitable to test for any superstructure arising from Pb-I order. A representative hk0 electron-diffraction pattern of schwartzembergite using a 3-minute exposure is shown in Figure 5 . Three kinds of reflections are present: A: relatively intense reflections due to the pseudotetragonal I subcell; B: weak but sharp reflections with a one-third b* subcell periodicity; C: very weak reflections with a periodicity (2n + 1)b* subcell / 6 and showing faint streaking parallel to [010]*. B reflections were only recorded by exposures longer than one minute (Fig. 5a ), and C reflections were only seen in 2-to 3-minute exposures (Fig. 5b) . As we discuss below, the B and C reflections indicate a large superstructure. Some hk0 diffraction patterns show enhanced intensities for reflections at points corresponding to systematic absences for the Icentered subcell. The intensities of these reflections increase as a crystallite is tilted through a small angle (<3°), indicating that the violating reflections arise from spikes of diffracted intensity from the hk1 and hk1 layers. Such spikes are to be expected in view of the extreme thinness of the crystallites (cleavage flakes), for which it was possible to observe weak B and C reflections. Exposures of 2-3 minutes always showed these violating reflections (usually weak), indicating that hk1 and hk1 reflection spikes extend into the hk0 layer. Analogous observations were made by Welch et al. (1996) on the sheet oxychloride mineral parkinsonite.
For the same exposure times, the weak superlattice reflections observed by TEM of sahlinite (the As 5+ analogue of kombatite) and symesite (Welch et al. 1996 (Welch et al. , 2000 have relative intensities (i.e., relative to the intensities of sublattice reflections) that are comparable to the relative intensities of the B superlattice reflections (i.e., relative to A reflections) of schwartzembergite. The superlattice reflections of kombatite and symesite were easily recorded by X-ray diffraction (Cooper & Hawthorne 1994 , Welch et al. 2000 . We would, therefore, have expected to record the B reflections (if not the very weak C reflections) of schwartzembergite by X-ray diffraction, and it is puzzling that they were not detected.
DISCUSSION
Schwartzembergite superstructure
The B and C hk0 reflections define a reciprocal motif (h + k even) that suggests a C-or I-centered orthorhombic supercell with a = 2a sub and b = 6b sub (c = c sub ). The corresponding sheet superstructure has twenty-four cation sites, which is compatible with the observed cation stoichiometry of schwartzembergite (i.e., Pb 20 I 4 ) and suggests that the superstructure arises from ordering of Pb 2+ and I 3+ within the (Pb,I)O sheet. The supercell is twelve times larger than the average I4/mmm subcell determined by X-ray diffraction. In passing, we note that the smallest sheet-superstructure possible for Pb 5 I cation stoichiometry is a primitive motif ~4 ϫ ~12 Å with six cation sites and chains of corner-linked IO 4 groups extending parallel to [100] . The hk0 diffraction patterns are not consistent with such a superstructure.
Here, we describe the possible geometrically distinct sheet-topologies arising from ordering of Pb 2+ and I 3+ , that lead to the 8 ϫ 24 Å superstructure for Pb 5 I cation stoichiometry (Pb 20 I 4 ). Stacking of identical (Pb,I)O sheets having I 3+ on one side of each oxygen layer does not lead to an I4/mmm average subcell, whereas stacking of sheets having equal numbers of I 3+ on both sides of the oxygen layer does. The structurally related oxychloride sheet-mineral nadorite, PbSbO 2 Cl (Giuseppetti & Tadini 1973) has Sb 3+ equally disposed on both sides of the oxygen layer. The possible geometrically distinct 24-cation-site sheet-topologies with an equal number of I 3+ on each side of the oxygen layer and Pb 20 I 4 cation stoichiometry are shown in Figure 6 . All sheets, except sheet 2, have isolated IO 4 groups that form rows parallel to [100]; adjacent rows have I 3+ on opposite sides of the oxygen layer. Sheets 1 and 2 have centered 8 ϫ 24 Å motifs, whereas the other sheets have primitive 8 ϫ 24 or 8 ϫ 12 Å motifs. The primitive 8 ϫ 24 Å and 8 ϫ 12 Å variants of sheet 2 are omitted from Figure 6 for brevity. Sheet 2 has dimeric [I 2 O 6 ] groups.
In iodine oxide compounds with dimerized I 3+ cations, such as (IO) 2 SO 4 (Furuseth et al. 1974) , I 3+ forms two short bonds (~2.0 Å) as I-O-I linkages, and two much longer bonds (~2.4 Å) to the terminal oxygen atoms of the dimer. Other iodine oxide compounds having polymerized four-coordinated I 3+ or I 5+ (or both), such as I 2 O 4 , also have very asymmetric bonding arrangements around iodine, with two short and two long bonds (Fjellvåg & Kjekshus 1994) . It seems, therefore, that where I 3+ or I 5+ or both are dimerized or form chains, the cation should be considerably off-center with respect to its four oxygen ligands. There is no evidence for such off-centering of I 3+ in schwartzembergite, and so we can exclude topology 2 and its primitive variants as possibilities. Figure 7 shows schematic hk0 diffraction patterns relevant to the interpretation of the observed electrondiffraction patterns of schwartzembergite. Firstly, we see that a primitive 8 ϫ 12 Å motif (sheet 4 in Fig. 6 ) is inappropriate. However, we make some further comments below on this motif with regard to interpreting the b* streaking of C reflections. It is also evident from Figure 8 that primitive 8 ϫ 24 Å motifs (sheets 3 and 5 in Fig. 6 ) also are ruled out. The closest qualitative agreement between theoretical and observed diffractionpatterns is for the centered 8 ϫ 24 Å motif, i.e., only sheet 1 in Figure 6 . The observed streaking of C reflections parallel to b* is consistent with some degree of intergrowth of centered 8 ϫ 24 Å and primitive 8 ϫ 12 Å motifs. Such an intergrowth would arise from stacking of 4 Å-wide (060) slabs of structure of Pb 5 I cation stoichiometry (see above) along [010] . As the stacking involves the same structural element (i.e., it is polytypic), we would anticipate that the energetics stabilizing centered 8 ϫ 24 Å versus primitive 8 ϫ 12 Å sheets are finely balanced. Note that an intergrowth of centered and primitive 8 ϫ 24 Å motifs would result in streaking of all reflections parallel to b*, which is not observed. However, given the undetermined superstructure and subtle nature of the "streaking", we cannot offer a definitive explanation of the streaking of the C reflections.
Insight into the probable sheet motif of schwartzembergite can be gained by looking at the structurally related sheet-oxychloride mineral nadorite, Pb 2+ Sb 3+ O 2 Cl (Giuseppetti & Tadini 1973) . Nadorite has a PbObased sheet consisting of alternate strips of Pb 2+ and Sb 3+ . Each Sb 3+ is coordinated to a square of four oxygen atoms and lies on one side of this square in the same way that I 3+ does in schwartzembergite. Adjacent SbO 4 groups share edges, forming continuous strips of SbO 4 coordination polyhedra. Successive Sb 3+ cations along each strip lie on opposite sides of the oxygen layer. If we now consider the four possible sheet motifs for schwartzembergite (sheets 1, 3, 4 and 5 in Fig. 6 ), we find that only sheet 1 has continuous strips of Pb
2+
, as in nadorite. These Pb 2+ strips alternate with strips having a cation composition Pb 2 I (i.e., Pb 3 + Pb 2 I = Pb 5 I).
The Pb 2 I strip of sheet 1 has pairs of Pb 2+ between successive Sb 3+ . The sheet topologies of nadorite and sheet 1 are compared in Figure 8 . The structural similarity of the two topologies suggests that sheet 1 is likely to be the correct choice for schwartzembergite. Furthermore, sheet 1 is a 8 ϫ 24 Å C-centered motif and so is consistent with the hk0 electron-diffraction patterns, which points to a 8 ϫ 24 Å C-or I-centered supercell; sheets 3, 4, and 5 have primitive motifs. The streaking of C reflections parallel to [010] may arise from frequent faults at the unit-cell scale in the placement of succes- 
Hydrogen in schwartzembergite
The crystallographic, analytical and spectroscopic data for schwartzembergite presented here all point to essential H in the structure. The formula we obtain is Pb 2+ 5 I 3+ O 6 H 2 Cl 3 . Both the infrared and 1 H NMR spectra indicate that there are several different H environments present in schwartzembergite. Furthermore, the 0° and 90° spectra are very similar, apart from slight increases in the relative intensities of the two weaker peaks at 3420 and 3530 cm -1 . The 45° spectrum is simply a combination of 0° and 90° spectra.
The average structure obtained from the X-ray structure refinement has symmetrically equivalent Pb-O and I-O bond-lengths; there is no evidence for some longer Pb-O and I-O bonds that could be associated with OH groups. The anisotropic-displacement factors for oxygen do not show any marked anisotropy or large variation, as might be expected if OH groups were present.
We were only able to record the diffraction pattern of the substructure by X-ray diffraction, despite extensive efforts to detect the superstructure recorded by electron diffraction. The lack of any X-ray evidence of superstructure indicates that the structural mechanism giving rise to the superstructure is very subtle. If the superstructure were involved in the ordered occurrence of OH, there would need to be major differences in the coordination of OH relative to that of O in the rest of the structure. This type of difference would produce changes in the average substructure that would have to involve the occupancies of the Pb sites plus the generation of new sites in order to maintain the observed Pb 5 I stoichiometry. No such features are observed in the substructure refinement, indicating that H cannot be present as one or more ordered OH groups in the structure.
The infrared spectra are also instructive in this regard. In the principal OH-stretching region, a single OH group in an ordered crystal gives rise to a sharp absorption with a width in the range 2-50 cm -1 . In schwartzembergite, this region of the infrared contains a broad absorption with a half-width of ~600 cm -1 , with some additional shoulders. This absorption is somewhat reminiscent of what is observed in metamict titanite (Hawthorne et al. 1991) , in which the H atoms are thought to have a large number of very different environments associated with a random-network metamict structure. By analogy, the broad absorptions in Figure 3 suggest that the H atoms in schwartzembergite adopt a large number of very different environments.
How is this latter deduction conformable with the ordered structure of schwartzembergite? Inspection of Figure 2 shows that the structure of schwartzembergite consists of layers of [Pb The details of the Cl environments in the superstructure are not available to us; we merely see an averaged planar sheet of Cl atoms. However, examination of the structure of kombatite (Cooper & Hawthorne 1994) shows that the Cl atoms of the intercalated sheets adopt very staggered positions on either side of the central plane. If this is the case in schwartzembergite, one expects numerous possible environments for H in this layer. Moreover, the H atoms are unlikely, for bondvalence reasons, to attach themselves strongly to a single Cl atom, raising the possibility of mobile, or "itinerant", H atoms within the [Cl 3 ] 3-sheet. CONCLUSIONS 1. Crystal-structure refinement of the 3.98 ϫ 3.98 ϫ 12.57 Å substructure of schwartzembergite indicates one-sided coordination of both Pb and I by a square of four O atoms, indicating stereoactive lone-pair behavior of Pb 2+ . 2. Bond-valence analysis shows schwartzembergite to contain trivalent iodine; this it the first recorded occurrence of I 3+ in a mineral. 3. Single-crystal polarized infrared and 1 H MAS NMR spectroscopies indicate the presence of structural H.
4. Electron-microprobe and H-line extraction analyses show the chemical formula of schwartzembergite to be Pb 2+ 5 I 3+ O 6 H 2 Cl 3 . 5. Electron diffraction shows the presence of a Cor I-centered supercell with a = 2a s , b = 6b s , c = c s , where the subscript s denotes the substructure-cell dimensions.
6. A structure topology for the 8 ϫ 24 (c = 12.5) Å superstructure is proposed.
